Escherichia coli sequence type 131 (ST131) is a pandemic clone that is evolving rapidly with 25 increasing levels of antimicrobial resistance. Here, we investigated an outbreak of E. coli ST131 26 producing extended spectrum β-lactamases (ESBLs) in a long-term care facility (LTCF) in Ireland 27 by combining data from this LTCF (n=69) with other Irish (n=35) and global (n=690) ST131 genomes 28 to reconstruct the evolutionary history and understand changes in population structure and genome 29 architecture over time. This required a combination of short and long-read genome sequencing, de 30 novo assembly, read mapping, ESBL gene screening, plasmid alignment and temporal phylogenetics. 31
LTCF in Ireland. Analysis of 794 global ST131 genomes show that subclade C1 was associated with 48 the initial infection outbreak, but that a new lineage from subclade C2 successfully displaced C1. This 49 Introduction 5 ESBL-producing ST131. Reported rates of multidrug-resistant (MDR) E. coli ST131 carriage in 83 residents of LTCFs include 55% in Ireland, 36% in the UK and 24% in the United States (21-23). It 84 is projected that the proportion of the European Union population aged ≥ 65 years and ≥ 80 years will 85 increase to 29% and 11.5 % by 2060, respectively (24). This will likely lead to a rise in the number 86 of people residing in LTCFs, potentially expanding the reservoir of ESBL-producing ST131. 87
Infection control measures targeting E. coli have focused primarily on hospitals, and there is still a 88 limited understanding of E. coli transmission dynamics within LTCFs, and between hospitals and 89
LTCFs (22, 25) . To develop effective strategies for containment and prevention of infections, it is 90 necessary to improve our ability to detect transmission events and to monitor the emergence of new 91 clones. Here, we used short and long read genome sequencing to investigate an ESBL-E. coli ST131 92 outbreak in a LTCF in Ireland. We describe the genetic basis of antibiotic resistance and the evolution 93 of ESBL-E. coli ST131 over a seven-year period. We focused our analyses on ST131 clade C because 94 of its high frequency in this LTCF, and its MDR profile. We analysed the population structure and 95 inferred the evolutionary history of the LTCF isolates in the context of a local hospital and global 96 collections of E. coli ST131 to further our understanding of its epidemiology. 97 6 incidence of rST1850 (44/90, 49%) ( Supplementary Table 1 ), suggesting emergence of a unique local 108 epidemic clone. 109 110 ST131 clade C predominates in Ireland and elsewhere 111
We analysed the 90 isolates from the local collection in the context of a global collection of 704 E. 112 coli ST131 genomes that contained four additional isolates from the referral hospital described in the 113 local collection and 10 isolates from other hospitals in Ireland. To better understand the global 114 population structure of E. coli ST131, we reconstructed the phylogeny of all 794 isolates based on a 115 core genome alignment containing 12,518 SNPs (Figure 1 ). This recapitulated the three established 116 ST131 clades (A, B and C) (29) and showed that most isolates were from C (n=686, 86.4%) followed 117 by B (n=75, 9.4%) and A (n=33, 4.2%). The clade classification was supported by previously 118 described fimH allelic differences (16): clade A was largely fimH41 (30 out of 33), clade B fimH22 119 (60 out of 70), subclade B0 fimH27 (4 out of 5) and clade C fimH30 (679 out of 686) ( A (n=33), B (n=70), B0 (n=5), C0 (n=14), C1 (n=111) and C2 (n=561). The frequencies of the four 124 most common fimH allele types are shown: H41, H22, H27 and H30; the rest are listed as "other".
Phylogenetic reconstruction of three genetically distinct ST131 subclade C2 groups 142
Subclade C2 was structured into three Fastbaps clusters: 7 (n=362, named C2_7), 8 (n=86, C2_8) and 143 9 (n=113, C2_9) ( Figure 2 , Table 2 ). Most of the isolates in the National Collection (n=104) were 144 represented by C2_8 (n=53, 51%), followed by C2_7 (n=17, 16%) and C2_9 (n=8, 8%). Within the 145 global collection most isolates were C2_7 (n=345, 50%), with less in C2_8 (n=33, 5%) and C2_9 146 (n=105, 15%) ( Figure 3 ). This showed C2_7 was more common globally than in Ireland (odds ratio 147 = 3.1, p<6.5x10 -6 ), and C2_8 was more widespread in Ireland than elsewhere (odds ratio = 10.6, 148 p<2.2x10 -16 ) ( Figure 3 ). 149 150 This difference was paralleled by the rST results, which showed that rST1503 was highly predictive 151 of C2_7 globally (319 out of 345, 92.5%) and in Ireland (16 out of 17, 94%). Similarly, rST1850 was 152 highly associated with C2_8 in Ireland (n=45, 85%), but less so for the global collection (11 out of 153 8 has insufficient discrimination to accurately reflect the evolutionary history of clonal pathogens like 155 ST131, and that core genome analysis was more informative. Table 2 . The entire ST131 set (n=794) was largely composed of isolates from clade C (n=686, 86% 160 of total) that was categorised into five subclades by Fastbaps clustering: C0 (n=14, clusters 2-5 and 161 11), C1 (n=111, cluster 10), C2_7 (n=362, cluster 7), C2_8 (n=86, cluster 8) and C2_9 (n=113, cluster 162 9). The National (n=104) and global (n=690) ST131 had two main ribosomal sequence types (rSTs): 163 rST1850 associated with the Irish C2_8 LTCF set (85%), and rST1503 that often corresponded to 164 C2_7 (92.5%). Fastbaps clusters 2, 3, 4 and 5 in C0 represented one isolate each -only cluster 3 was 165 blaCTX-M-15-positive. 166 167 168
Long read sequencing uncovers chromosomal transposition of blaCTX-M genes 169
Five isolates from the Irish collection were selected for long-read sequencing to more accurately 170 determine the location and genomic environment of the blaCTX-M-14 and blaCTX-M-15 genes. Four of five 171 samples selected were blaCTX-M-15 positive and members of Clade C2, of which three belonged to the remaining long-read sequenced isolate was from Clade C1 and was blaCTX-M-14-positive. Each of the PacBio assemblies were used as references for Illumina read mapping for the collection of 794 175 isolates (see Methods). The three C2_8 PacBio genomes (ERR191646, ERR191657, ERR191663) 176 demonstrated chromosomal insertion of a 2,971 bp ISEcp1-blaCTX-M-15-orf477Δ-Tn2 transposon unit 177 (TU) ( Supplementary Figure 1) , similar to integration sites described previously (28, 29). This TU 178 was transposed into the 1,617 bp mppA gene (encoding murein peptide permease A), which was split 179 into 327 bp and 1290 bp segments (at NCTC13441 genome coordinates 2,522,100-2,523,713 bp). Supplementary Figure 5 ). Like the PacBio C1 assembly above, the C1 (n=11) isolates had a plasmid-211 associated ISEcp1-blaCTX-M-14-IS903B TU with three ISEcp1 copies along with a duplicated blaCTX-M-212 14 gene, though two were blaCTX-M-negative. 213
214
Examining the rest of the collection in the same way showed that the mppA TU insertion was unique 215 to the 41 Irish LTCF isolates in Clade C2_8 and this mutation was not found among any of the other 216 63 isolates from Ireland either in LTCF, community or hospitals. This is consistent with a pattern of 217 clonal expansion in the LTCF. Of the 690 global isolates, 11 of the 19 with a disrupted mppA gene 218
were blaCTX-M-15-positive and clustered within the clonally expanded C2_8 mppA-insertion lineage. 219
The remaining eight were independent events: six had no blaCTX-M gene and one had a blaCTX-M-19 220 gene. Across all 794, C2 had a high rate of blaCTX-M-15-positives isolates, reiterating the correlation of 221 blaCTX-M-15 with the expansion of C2, with incidences of 84% in C2_7 isolates (303 out of 362), 83%
The estimated time of the most recent common ancestor (TMRCA) of different phylogenetic groups 226 was investigated with BEAST. We estimated a mutation rate of 4. collection which had a unique TU insertion in the mppA. This is in addition to ten other Irish isolates 241 from clinical or community sources (n=51 in total) with a mutant mppA but showed a different TU 242 insertion. The 11 blaCTX-M-15-positive isolates that clustered with the Irish C2_8 isolates also had 243 a disrupted mppA gene and were from the UK (n=8) and Canada (n=3). Together, these 62 shared a 244 TMRCA of around 1998 (95% HPD 1997-2001), indicating that the mppA insertion may have 245 occurred in the ancestral branch dating to 1996-1998 in the UK or North America ( Figure 5B Table 3 . The numbers of isolates from the LTCF in Ireland (n=69) across the ST131 clades showed 261 that C1_10 was most common at the outset of the study, and that C2_8 became more prevalent after 262
2008, suggesting a possible replacement and clonal expansion of this lineage. changes in E. coli population structure in LTCF residents, we performed whole genome sequencing 272 of all ST131 ESBL-E. coli isolates submitted from the LTCF over seven years. We compared these 273 to 35 other ST131 isolated in Ireland; 9 from other LTCFs, 2 from the community and 24 from 274 hospitals including 14 from the referral hospital and 10 from 3 other hospitals, in addition to 690 275 ST131 from global datasets. 276
277
We identified distinct genetic clusters within this set of 794 closely related isolates based on core 278 genome phylogenetic signals, and as in previous studies (11), we identified subclade C2 as the most 279 abundant ST131 group accounting for 71% of the entire collection. Four genetic subgroups were 280 common in the specific LTCF, one from subclade C1 (C1_10) and three from C2 (C2_7, C2_8, C2_9). This assembled the plasmids for each of the isolates used as references for short read mapping. 360 NCTC13441's HDF5 files were converted to FASTQ with 308,854 reads using pbh5 tools 361 (smrtanalysis v2.3.0p4). These reads were screened for PacBio adapter sequence using Cutadapt 362 v1.9.1 and corrected using BayesHammer from SPAdes v3.0.0 with a seed k-mer of 127, yielding a 363 total of 41,813 reads. 364 365
Genome assembly, read mapping, AMR gene identification and plasmid typing of the 794 366
De novo assembly of short read data for the 794 libraries was performed using VelvetOptimiser v2.2.5 367 (41) and Velvet v1.2 (17). An assembly improvement step was applied to the assembly with the best 368 N50, whose contigs were scaffolded using SSPACE (42) and contig gaps reduced using GapFiller 369 (43). The assembly pipeline generated an average total length of 5,166,846 bp (range 4,697,700-370 5,460,279 bp) from 97 contigs (range 31-486) with an average contig length of 59,340 bp (range 371 11,186-1,661,401 bp) and an N50 of 227,849 bp (range 30,788-763,538 bp) ( Supplementary Table  372 3). Assemblies annotated using Prokka v1.5 (44) and a genus-specific database from RefSeq (45). 373
PacBio assemblies and reference plasmids using SMALT v7.6 376 (http://www.sanger.ac.uk/resources/software/smalt/). The genomic locations of the blaCTX-M genes 377 and nearby MGEs were examined by aligning the short and long read assemblies using BLAST to 378 the blaCTX-M-positive TU isoforms, including one with a split mppA gene containing the TU 379 ( Supplementary Figure 3) . The two observed mppA isoforms were recorded as T for truncated 380 (separated 327 bp and 1290 bp segments) or I for intact ( Supplementary Table 1 
Quality control, genome assembly and read mapping of 54 Irish read libraries 389
Adapter sequences in the libraries of the 54 Irish Clade C reads were trimmed with Trimmomatic 390 v0.36 (47) using a Phred score threshold of 30 (Q30), a ten bp sliding window and a minimum read 391 length of 50 bp. On average, these had 2,400,763 reads initially, of which 7.8% were removed by 392 trimming. These were corrected using BayesHammer in SPAdes v3.9. The effects of removing low-393 quality bases and reads was quantified using FastQC v0.11.5 with MultiQC v1.3, which showed base-394 correction removed an additional 14.3% of reads on average, leaving a mean of 1,898,990 per library. 395
This showed levels of base quality and potential contaminants were consistent across the libraries. 396 397 Read libraries of the Irish 54 were assembled into contigs using SPAdes v3.9 with a k-mer of 77 (48).
using ProgressiveMauve (50), producing an average scaffold N50 of 177,758±12,199 (mean±SD) bp 401 with a mean assembly length of 5,434,674±153,210 bp and an average of 234 contigs per library. 402 403 A total of 59,536 bases at low complexity repeats, homopolymers, sites within 1 Kb of chromosome 404 edges, bases within 100 bp of a contig edge, or at tandem repeats were masked from the NCTC13441 405 reference chromosome using Tantan v0.13 (www.cbrc.jp/tantan/), which was indexed using SMALT 406 v7.6 using a k-mer of 19 with a skip of one, as were all reference sequences here. The short read 407 libraries were mapped to reference sequences using SMALT v7.6, and the resulting SAM files were 408 converted to BAM format, sorted and PCR duplicates removed using SAMtools v1.19. The MGE, 409 mppA and blaCTX-M gene structures were examined by alignment as above so that local copy number 410 changes, mapping breakpoints and read pileups could be screened by mapping Illumina reads to the 411 PacBio and contig references. The local gene structure was visualised with R v3.5.2 and the MARA 412
Galileo AMR database (51, 52 To reconstruct time-calibrated phylogeny ST131 we used a core genome alignment of 794 isolates 426 that contained 8,567 SNPs after the exclusion of regions representing MGEs, recombinant tracts and 427 sites with an uncalled genotype across >1% of sequences. Each sequence in the alignment was 428 annotated with the year of isolation. The strength of the molecular clock signal was measured by 429 linear regression of the root-to-tip genetic distance against year of sampling using TempEst (55), 430 which revealed a correlation coefficient of R 2 = 0.4. Bayesian inference of phylogeny was performed 431 with BEAST v2.4.7 (57) based on a GTR+G nucleotide substitution model. To optimise computing 432 efficiency in a large dataset, model selection was implemented on a subset of isolates (n=205) that 433 tested two clock rates (strict versus relaxed uncorrelated lognormal) across three population models 434 (constant, exponential and Bayesian skyline). Five replicates for each of the six models were tested. 435
The MCMC chain was run for 50 million generations, sampling every 1,000 states. Log files from 436 the five independent runs per model option were assessed for convergence using Tracer v1. The entire ST131 set (n=794) was largely composed of isolates from clade C (n=686, 86% of total) 497 that was categorised into five subclades by Fastbaps clustering: C0 (n=14, clusters 2-5 and 11), C1 498 (n=111, cluster 10), C2_7 (n=362, cluster 7), C2_8 (n=86, cluster 8) and C2_9 (n=113, cluster 9). 499
The National (n=104) and global (n=690) ST131 had two main ribosomal sequence types (rSTs): 500 rST1850 associated with the Irish C2_8 LTCF set (85%), and rST1503 that often corresponded to 501 C2_7 (92.5%). Fastbaps clusters 2, 3, 4 and 5 in C0 represented one isolate each -only cluster 3 was (n=14, clusters 2-5 and 11), C1 (n=111, cluster 10), C2_7 (n=362, cluster 7), C2_8 (n=86, cluster 8) and C2_9 (n=113, cluster 9). The National (n=104) and global (n=690) ST131 had two main ribosomal sequence types (rSTs): rST1850 associated with the Irish C2_8 LTCF set (85%), and rST1503 that often corresponded to C2_7 (92.5%). Fastbaps clusters 2, 3, 4 and 5 in C0 represented one isolate eachonly cluster 3 was bla CTX-M-15 -positive.
